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Tropism and adaptation of influenza viruses to new hosts is partly dependent on the distribution of the sialic acid (SA) receptors
to which the viral hemagglutinin (HA) binds. Ferrets have been established as a valuable in vivo model of influenza virus patho-
genesis and transmission because of similarities to humans in the distribution of HA receptors and in clinical signs of infection.
In this study, we developed a ferret tracheal differentiated primary epithelial cell culture model that consisted of a layered epi-
thelium structure with ciliated and nonciliated cells on its apical surface. We found that human-like (�2,6-linked) receptors pre-
dominated on ciliated cells, whereas avian-like (�2,3-linked) receptors, which were less abundant, were presented on nonciliated
cells. When we compared the tropism and infectivity of three human (H1 and H3) and two avian (H1 and H5) influenza viruses,
we observed that the human influenza viruses primarily infected ciliated cells and replicated efficiently, whereas a highly patho-
genic avian H5N1 virus (A/Vietnam/1203/2004) replicated efficiently within nonciliated cells despite a low initial infection rate.
Furthermore, compared to other influenza viruses tested, VN/1203 virus replicated more efficiently in cells isolated from the
lower trachea and at a higher temperature (37°C) compared to a lower temperature (33°C). VN/1203 virus infection also induced
higher levels of immune mediator genes and cell death, and virus was recovered from the basolateral side of the cell monolayer.
This ferret tracheal differentiated primary epithelial cell culture system provides a valuable in vitro model for studying cellular
tropism, infectivity, and the pathogenesis of influenza viruses.

Influenza A viruses pose a significant threat to public health.
Human influenza viruses target cells of the upper respiratory

tract, resulting in clinical symptoms such as fever, cough, head-
ache, and malaise (1, 2). In the past 2 decades, influenza viruses of
avian origin, including novel H5, H7, and H9 subtypes, have in-
fected humans as a result of transmission from avian species. In
particular, human infections with highly pathogenic avian influ-
enza (HPAI) H5N1 viruses often results in severe clinical illness,
including pneumonia with impairment of gas exchange, and have
been associated with high viral loads and exacerbated cytokine
production in the lower respiratory tract (3, 4).

In the first step of influenza virus infection, the hemagglutinin
(HA) protein binds to sialic acid (SA) residues present on the
surface of host cells. Human influenza viruses preferentially bind
to �2,6-linked SA, whereas avian influenza viruses bind to �2,3-
linked SA. Cellular tropism and the infectivity of influenza viruses
are primarily determined by the distribution of these two SA re-
ceptors in the human respiratory tract. Lectin histochemistry
studies of human airway tissues have indicated that both forms of
SA can be found throughout the respiratory tract. �2,6-linked SA
receptors are found at higher levels on epithelial cells, including
ciliated cells and, to a lesser extent, on goblet cells in the upper
respiratory tract (5–7). Conversely, �2,3-linked SA receptors are
found at higher levels on nonciliated bronchiolar cells and alveo-
lar type II cells in the lower respiratory tract (2, 5, 6, 8). Consistent
with these findings, studies of virus attachment have shown that
human influenza viruses bound more abundantly to the upper
respiratory tract than avian influenza viruses (2, 9, 10). Human

influenza viruses attach primarily to ciliated epithelial cells and to
a lesser extent to goblet cells in the upper respiratory tract, as well
as to type I pneumocytes in the alveoli (6, 10, 11). In contrast,
avian influenza viruses generally attach to type II pneumocytes,
alveolar macrophages, and nonciliated epithelial cells in the ter-
minal bronchioles and alveoli in the lower respiratory tract (11–
14). Ferrets have been used extensively to evaluate influenza virus
pathogenicity and transmissibility (15–17). The recognition of the
ferret’s natural susceptibility to influenza virus infection and sim-
ilarities to humans in lung physiology, airway morphology, and
cell types present in the respiratory tract make it an ideal animal
model for studying influenza viruses (11, 18–20). Clinical signs of
illness are similar in ferrets and humans, likely in part because the
distribution of �2,6- and �2,3-linked SA receptors in the ferret
respiratory tract resembles that observed in humans (11, 19). Re-
cently, it has been shown that �2,6-linked SA receptors are more
abundant than �2,3-linked receptors throughout the ferret respi-
ratory tract (21, 22). Moreover, virus attachment studies have
shown similarities between the ferret and human respiratory tract,
where human influenza viruses attached more abundantly to cil-

Received 15 October 2012 Accepted 10 December 2012

Published ahead of print 19 December 2012

Address correspondence to Terrence M. Tumpey, tft9@cdc.gov.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.02885-12

March 2013 Volume 87 Number 5 Journal of Virology p. 2597–2607 jvi.asm.org 2597

http://dx.doi.org/10.1128/JVI.02885-12
http://jvi.asm.org


iated cells and to a lesser extent to goblet cells in the upper respi-
ratory tract as well as type I pneumocytes. Conversely, labeled
avian influenza viruses attach to nonciliated epithelial cells and
type II pneumocytes in the lower respiratory tract (11, 23). How-
ever, data suggest that the ferret trachea has less abundant goblet
cells and moderate differences in receptor distribution in airways
compared to the human airway (21, 23).

Culture systems of differentiated primary epithelial cells from
human and animal airways, especially derived from the trachea,
provide valuable in vitro models for characterization of cellular
tropism and infectivity of influenza viruses (24–31). Differenti-
ated tracheal epithelial cell cultures offer numerous advantages,
including greater control of experimental conditions and the abil-
ity to study epithelial cell function in the absence of other cell
types, such as cells representing submucosal glands, all of which
can contribute valuable information for in vivo studies. The tra-
cheal epithelium is pseudostratified and columnar, consisting of
ciliated cells that propel mucus and secretory cells (including gob-
let cells) on the surface and basal cells that are not in contact with
the airway lumen (32). Airway epithelial cells from ferret tracheas
have been successfully grown and polarized in vitro for compari-
son of its electrophysiologic properties (33); however, such cells
have not been used to characterize influenza virus-host interac-
tions at the cellular and molecular levels. In the present study, we
developed and characterized cultures of ferret tracheal differenti-
ated primary epithelial cell (FTE) and used this model to study
cellular tropism and infectivity of both human and avian influ-
enza viruses. We found that human viruses mainly infected cili-
ated cells with �2,6-linked SA receptors, whereas avian influenza
viruses mainly infected nonciliated cells. The human influenza
viruses and the HPAI H5N1 virus studied replicated efficiently in
FTE cells; however, only infectious H5N1 virus was recovered
from the basolateral side of the cell monolayer. Furthermore,
HPAI H5N1 virus infection resulted in a higher level of cell death
and the induction of higher levels of proinflammatory mediators
compared to the other influenza viruses studied.

MATERIALS AND METHODS
Viruses. An HPAI H5N1 subtype virus, A/Vietnam/1204/2003 (VN/
1203), was grown in the allantoic cavities of 10-day-old embryonated
hen’s eggs for 24 to 26 h at 37°C. The H3N2 virus A/Wisconsin/67/2005
(Wisconsin/67) was grown in eggs for 48 h at 33.5°C. Allantoic fluid was
clarified by centrifugation, aliquoted, and stored at �70°C. The seasonal
H1N1 virus A/Brisbane/59/2007 (Brisbane/59), the 2009 pandemic H1N1
virus A/Mexico/4482/2009 (Mexico/4482), and the low-pathogenicity
avian H1N1 virus A/Duck/New York/15024/96 (Dk/NY) were propa-
gated in MDCK cells at 37°C for 48 h. The supernatants were clarified by
centrifugation, aliquoted, and stored at �70°C. Virus titers were deter-
mined by plaque assay. The identity of virus genes was confirmed by
sequence analysis to verify that no inadvertent mutations were present
during the generation of virus stocks. All research with HPAI H5 subtype
viruses was conducted under biosafety level 3 containment, including
enhancements required by the U.S. Department of Agriculture and the
National Select Agent Program (34–36).

Ferret tracheal epithelial (FTE) cells isolation and culture. Male
Fitch ferrets, 8 to 18 months of age (Triple F Farms, Sayre, PA), were
anesthetized with an intramuscular injection of a ketamine-atropine-xy-
lazine cocktail and euthanized for necropsy. Ferret tracheas were excised
from below the larynx to the major bronchi and submerged in cold mod-
ified Eagle medium (MEM) and processed individually. The tracheas were
further cleaned in cold Mg2� and Ca2� free phosphate-buffered saline
(PBS) to remove extraneous attached tissue. Tracheas were then sliced

longitudinally and digested in MEM containing 1.4 mg of pronase/ml and
0.1 mg of DNase I/ml (Roche, Indianapolis, IN) for 18 to 36 h and then
10% fetal bovine serum (FBS; without heat inactivation) was added to
stop the protease reaction. Each resulting cell suspension was moved to a
new tube and centrifuged at 200 � g for 10 min at 4°C. The cell pellet from
each trachea was suspended in tracheal epithelial cell (TEC) Basic me-
dium (Dulbecco modified Eagle medium nutrient mixture F12 [1:1] con-
taining 25 mM HEPES, 100 U/ml of penicillin, 100 �g/ml of streptomy-
cin, and 1� nonessential amino acids) with 5% FBS (without heat
inactivation). The cells were transferred to a tissue culture dish, followed
by incubation for 3 h at 37°C to remove contaminating fibroblasts.

The epithelial cells isolated from individual ferrets were suspended in
TEC Plus medium, which contained TEC Basic medium supplemented
with a BEGM SingleQuot kit (Lonza, Walkersville, MD), and 15 ng of
retinoic acid/ml. The cells were plated on collagen-coated, 0.4-�m-pore-
size membranes on 12- and 24-well transwell inserts (Corning Costar,
Corning, NY) at a concentration of 2.5 � 105 to 5 � 105 cells/cm2 and
grown as liquid covered culture for 2 to 3 days with apical and basolateral
media changed each day to reach a confluent monolayer. After reaching a
transepithelial resistance of �1,000 �·cm2, the apical medium was re-
moved to create an air-liquid interface (ALI), and basolateral media were
changed every 1 to 2 days for 3 to 4 weeks.

For the experiments evaluating different portions (upper and lower)
of the ferret trachea, whole tracheas acquired from three individual ani-
mals were removed aseptically. The trachea tissues were laid flat and di-
vided equally by a cut made in the middle. The upper and lower trachea
portions were processed separately according to the methods described
above. Cells were seeded onto transwell membranes and cultured for 3 to
4 weeks before use.

Influenza A virus infections. FTE cells cultured in an ALI were
washed three times with TEC Plus medium for 10 min to remove mucus
and were infected apically with influenza virus at the indicated multiplic-
ity of infection (MOI). After 1 h of incubation, the inocula were removed,
and the cells were washed three times to remove unattached virus. FTE
cells remained in ALI, and the basolateral media were changed daily for
the duration of each experiment. For sample collection during replication
studies, 200 �l of TEC Plus medium was added to the apical surface,
incubated for 10 min, and collected for plaque assay.

Immunofluorescence microscopy. Uninfected and infected FTE cells
were washed three times with PBS for 10 min to remove mucus and fixed
in 2% paraformaldehyde for 30 min. To analyze the distribution of sialic
acid (SA) receptors, fixed FTE cells were blocked with 3% bovine serum
albumin in PBS for 30 min and sequentially incubated with either biotin-
ylated Maackia amurensis lectin I or II (MAA I and II; 20 �g/ml) or bio-
tinylated Sambucus nigra lectin (SNA; 20 �g/ml) (Vector Laboratories,
Burlingame, CA) or fluorescein isothiocyanate (FITC)-conjugated Jacalin
(Vector) for 1 h, followed by the addition of FITC-conjugated avidin D
(Vector Lab, Burlingame, CA). To characterize the ciliated cells and tight
junctions, FTE cells were permeabilized with 0.5% Triton X-100 in PBS
for 20 min and incubated with mouse anti-�-tubulin IV (Sigma, St. Louis,
MO) or ZO-1, followed by rhodamine- or FITC-conjugated secondary
antibody (Invitrogen, Carlsbad, CA). To detect influenza A virus antigen,
infected FTE cells were fixed, permeabilized, blocked, and incubated with
mouse anti-nucleoprotein (anti-NP) monoclonal antibody (A3) or rabbit
anti-H5, anti-H1, or anti-H3 HA, followed by rhodamine- or FITC-con-
jugated secondary antibody. Immunostained cells were mounted with
Vectashield mounting medium with 4=,6-diamidino-2-phenyindole
(DAPI) and examined under a Zeiss Axioskop 2 fluorescence microscope.

Transmission electron microscopy (TEM). Differentiated FTE cells
grown on transwell inserts were infected with influenza viruses at an MOI
of 1 on the apical surface. At 24 h postinfection (p.i.), the cells were washed
twice with PBS, fixed in 2.5% buffered glutaraldehyde for 1 h, and gamma
irradiated (2 � 106 rad). Specimens were postfixed in 1% buffered os-
mium tetroxide, stained in 4% uranyl acetate, dehydrated, and embedded
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in epoxy resin. Finally, ultrathin sections were cut and examined with a
FEI Tecnai Spirit electron microscope.

Cell death enzyme-linked immunosorbent assay. FTE cells were in-
fected with virus at an MOI of 1. At 48 h p.i., a cell death detection
ELISAplus kit (Roche) was used for the quantitative determination of
cytoplasmic histone-associated DNA fragments in both cell lysates (indic-
ative of apoptosis) and supernatants (indicative of necrosis), according to
the manufacturer’s instructions.

Semiquantitative real-time PCR for ferret cytokine expression. To-
tal RNA from virus-infected or uninfected cells was extracted using the
RNeasy minikit (Qiagen, Carlsbad, CA) with DNase digestion, and 0.5 �g
of total RNA was reverse transcribed with QuantiTect reverse transcrip-
tion kit (Qiagen). The cDNA products were subjected to real-time PCR
assay using QuantiTect SYBR green PCR kit (Qiagen) and analyzed with
primer sets published previously (37).

Statistical data analysis. Student t test was performed on virus titers,
cell death, and gene expression data.

RESULTS
Characterization of ferret tracheal differentiated primary epi-
thelial cell cultures. FTE cells achieved high transepithelial resis-
tance (�1,000 �·cm2) after growing as liquid-covered cultures on
transwell inserts for 2 to 3 days. After the apical medium was
removed to create an air-liquid interface (ALI), increases in cilia
formation and mucin-like secretions were observed over time of
culture. After culturing for 3 weeks, we observed that the differ-
entiated ferret cell cultures developed millimeter-sized patches in
which the cilia spontaneously coordinated their beating in a cir-
cular pattern, rotating the surrounding mucus.

The differentiated FTE cell cultures were characterized using
transmission electron microscopy (TEM) and immunofluores-
cence microscopy. TEM showed that FTE cultures consisted of
basal cells on the membrane and ciliated and nonciliated cells
reaching the apical surface (Fig. 1A). Cells were also stained with
anti-�-tubulin IV (tubulin) antibody to identify ciliated cells, fol-
lowed by DAPI (4=,6=-diamidino-2-phenylindole) staining for
nucleus detection to quantify the total cell population. Ciliated
cells were observed by visual inspection to cover more than 70% of
the total surface area (Fig. 1B). Furthermore, tight junctions be-
tween cells close to the apical surface were observed by TEM (Fig.
1C) and by immunofluorescence staining using antibody against
ZO-1, a protein that localizes specifically at tight junctions
(Fig. 1D).

Next, we further characterized the distribution of ciliated and
goblet-like cells on the apical surface using double immunofluo-
rescent staining, followed by DAPI staining of nuclei (Fig. 1E).
FTE cells derived from individual animals consisted of various
percentages of ciliated cells. Using tubulin/DAPI staining, we
manually examined more than 1,800 cells derived from four ani-
mals at a high magnification (�400). It was found that ciliated
cells comprised, on average, 17% of the total cell population
(range, 10 to 33% in cultures derived from 4 individual ferrets).
Jacalin, a lectin that specifically binds to O-linked glycans mostly
found in mucins secreted from goblet cells, was used to detect
goblet-like cells (21, 28). Goblet-like cells were detected on the
surface of 13% of the total cell population (range, 9 to 18% in
cultures derived from four individual ferrets). However, as shown
in the merged image, Jacalin was not detected on ciliated cells. The
population of tubulin-and Jacalin-negative cells in FTE cultures
may comprise of intermediate cells and basal cells (38). In sum-
mary, the differentiated FTE cells, maintained under ALI condi-

tions, developed into a pseudostratified structure with tight junc-
tions and contained at least three different cell types: ciliated
epithelial cells, secretory cells, and basal cells.

Distribution of �2,3- and �2,6-linked SA receptors on the
apical surface. After determining that the apical surface of differ-
entiated FTE cell cultures contained both ciliated and nonciliated
cells, we next examined the distribution of SA receptors on the
apical surface. Cells were stained with tubulin to identify ciliated
cells and different plant lectins to detect receptors. The Sambucus
nigra lectin (SNA) binds predominantly to �2,6-linked SA resi-
dues, and two isoforms of Maackia amurensis lectin (MAA I and
MAA II) bind to �2,3-linked SA residues. MAA I is more specific
toward SA�2,3Gal�1,4GlcNAc, and MAA II is specific toward
SA�2,3Gal�1,3GalNAc (8). We manually examined more than
1,800 cells derived from four animals at a high magnification
(�400). As illustrated in the merged images, we found that 95% of
the �2,6-linked SA receptors were present on ciliated cells, and 5%
were present on nonciliated cells. The �2,3-linked SA receptors

FIG 1 Structural characterization of ferret tracheal differentiated primary
epithelial cell cultures (FTE) by TEM and immunofluorescence microscopy.
(A) Multiple cell types in fully differentiated primary FTE cell cultures (TEM).
The arrow marks a ciliated cell and the arrowhead, a basal cell. Scale bar, 2 �m.
(B) Immunofluorescent staining of cilia using anti-� tubulin IV antibody (tu-
bulin) (red) (magnification, �100). An enlarged ciliated cell is shown in the
inset. (C) Ultrastructure of a ciliated cell and a tight junction marked by an
arrowhead (TEM). Bar, 500 nm. (D) Immunofluorescent staining of tight
junctions using anti-ZO-1 antibody (green) (�400). (E) Characterization of
cell surface markers on differentiated FTE cells. Double immunofluorescent
staining of tubulin (red) and Jacalin (green) was performed in tandem with
DAPI for nuclear staining (�400).
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were exclusively present on nonciliated cells (Fig. 2A). Treatment
of the apical surfaces of FTE cells with 25 mU/ml of neuramini-
dase for 1 h abolished all lectin staining (Fig. 2A, insets). The
distribution of the receptors was analyzed further by counting
more than 1,800 cells for the lectin-positive cells in cultures de-
rived from six different ferrets. On average, 14% of cells were
stained positive for SNA, 9% for MAA II, and 1.5% for MAA I
(Fig. 2B). This finding obtained from multiple animals reinforces
the greater density of ciliated cells with �2,6-linked SA in these
cultures.

Infection and cellular tropism of human and avian influenza
viruses. To test the permissiveness of FTE cells to influenza virus
infection, cultures were inoculated apically with Brisbane/59
(H1N1), Wisconsin/67 (H3N2), Mexico/4482 (pdm2009 H1N1),
VN/1203 (HPAI H5N1), or Dk/NY (avian H1N1) virus at an MOI
of 1. The cells were fixed at 8 h p.i. and stained for influenza virus
NP using DAPI for nuclei. The infection rate was quantified on
more than 1,800 cells at a magnification of �400 and is presented
as the average percentage of cells that were NP positive relative to
total cell population from the infection of cultures derived from
four individual animals. In general, human influenza viruses in-
fected FTE cells more efficiently than avian influenza viruses, in-
cluding VN/1203 virus (Fig. 3A). Infection rates for the three hu-
man influenza viruses ranged from 15 to 18%, which was

significantly higher than that for avian influenza viruses, which
ranged from 1.5 to 2.4% (P 	 0.01) (Fig. 3B).

We next characterized the cellular tropism of two human vi-
ruses and one avian influenza virus using double-immunofluores-
cence staining. FTE cells were infected apically with influenza vi-
rus at an MOI of 1, and the cells were fixed at 8 h p.i. and stained
for viral antigen (HA or NP) and cell surface markers (tubulin or
Jacalin). Cellular tropism for influenza virus infection was quan-
tified by counting HA/tubulin- and NP/Jacalin-positive cells from
infected cultures derived from four individual animals. Human
influenza viruses, Wisconsin/67 and Brisbane/59, mainly infected
ciliated cells (95%) and, to a much lesser extent, nonciliated cells
(5%), including both Jacalin-positive and -negative cells (Fig. 4).
In contrast, VN/1203 virus exclusively infected nonciliated cells,
including both Jacalin-positive and -negative cells, but at a much
lower infection rate of 1.5 to 1.8%.

FIG 2 Distribution of �2,6-linked and �2,3-linked SA receptors on the sur-
face of differentiated primary FTE cells. (A) Cells were stained (green) with
SNA (which binds to �2,6-linked SA), and MAA I and II (specific for �2,3-
linked SA), followed by cilia staining of tubulin (red) (�400). (B) Quantifica-
tion of lectin staining on the surface of ciliated (tubulin�) and nonciliated
(tubulin�) cells. Values represent the mean of the lectin-positive cells in cul-
tures derived from six different animals with the standard deviation indicated.

FIG 3 Influenza virus infection in differentiated primary FTE cells. FTE cells
were infected with virus at an MOI of 1. Cells were fixed at 8 h p.i., stained for
viral nuclear protein (NP, red), and compared to DAPI staining that indicated
cellular nuclei (blue). (A) Immunofluorescent detection of influenza virus NP
in infected cells (�100). (B) Quantification of NP-positive cells during infec-
tion. NP-positive cells and total cells were counted at higher magnification
(�400) for the generation of infection rates. Values represent the mean of
independent experiments from four different animals with the standard devi-
ation indicated.
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Cellular tropism and the release of influenza virus from in-
fected cells was further investigated using TEM. FTE cells were
infected apically with influenza viruses at an MOI of 1 and exam-
ined for virus release at 24 h p.i. In general, a greater number of
infected cells were detected during human influenza virus infec-
tion than during avian virus infection. The Brisbane/59, Mexico/
4482, and Wisconsin/67 viruses were predominantly released
from the apical surface membranes of ciliated cells (Fig. 5A to C).
However, the release of virus from at least one nonciliated cell was
detected during Mexico/4482 virus infection (Fig. 5D). In con-
trast, the apical release of VN/1203 virus was detected only from
nonciliated cells, albeit only sporadically (Fig. 5E). No infected
cells were identified by TEM during Dk/NY virus infection be-
cause of the very low infection rate.

Replication of human and avian influenza virus. We com-

pared the replication kinetics of all five influenza viruses. Cells
were infected apically with virus at an MOI of 0.01 in triplicate,
with each culture representing an individual animal. As shown in
Fig. 6A, all human viruses reached high titers at 24 h p.i.; the titer
of Mexico/4428 virus (107 PFU/ml) was significantly higher (P 	
0.05). For VN/1203 virus, despite its much lower initial infection
rate at 8 h p.i. (Fig. 3), this HPAI H5N1 virus replicated to a mean
peak titer of 106 PFU/ml at 24 h p.i., comparable to titers attained
by human virus infection (105 to 107 PFU/ml). Dk/NY virus rep-
licated less efficiently, reaching a virus titer of 104 PFU/ml at 24 h
p.i., which was significantly lower than for all of the other viruses
tested (P 	 0.05). However, by 48 h p.i. this avian H1N1 virus
reached titers comparable to the other viruses.

Next, the recovery of virus from the apical versus the basolat-
eral surfaces of cells was evaluated. Brisbane/59, Mexico/4482,
Wisconsin/67, and Dk/NY viruses were released exclusively from
the apical surface for all times examined, and the titers of
Brisbane/59 virus from the apical and basolateral surfaces are dis-
played as representative of the findings for the four viruses tested
(Fig. 6B). In contrast, VN/1203 virus was detected not only from
the apical side but also from the basolateral side, as early as 24 h
p.i.; virus isolated from the basolateral side reached a mean peak
titer of 104PFU/ml at 48 h p.i., indicating a unique virulence attri-
bute of this HPAI H5N1 virus (Fig. 6B).

FIG 4 Cellular tropism of influenza virus infection in differentiated primary
FTE cells. Cells were infected apically with virus at an MOI of 1 and fixed at 8
h p.i. Cells were stained to identify influenza virus HA or NP (red) and to
identify ciliated cells (tubulin, green) and secretory cells (Jacalin, green)
(�400).

FIG 5 TEM demonstrates the release and cellular tropism of influenza virus.
Differentiated primary FTE cells were infected apically with virus at an MOI of
1 and fixed at 24 h p.i. Spherical virions are shown by the arrowhead. Scale bars,
500 nm (A, D, and E) and 100 nm (B and C).
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Finally, the relationship between infection and the loss of cilia
was examined at later times postinfection. FTE cells infected at an
MOI of 0.01 were fixed at 120 h p.i. for double-immunofluores-
cence staining to indicate viral NP (shown in yellow) and ciliated
cells (tubulin, shown in green). As shown previously (Fig. 4 and
5), human viruses mainly targeted ciliated cells, whereas avian
viruses infected nonciliated cells. Compared to uninfected cell
cultures, infection with human influenza viruses resulted in ex-
tensive loss of cilia as determined by tubulin staining (Fig. 6C). In
contrast, FTE cells infected with the avian viruses, VN/1203 and
Dk/NY, maintained levels of ciliated cells comparable to unin-
fected cultures. The integrity of the cell monolayers was also ex-
amined during influenza virus infection. Cells infected with hu-
man viruses and Dk/NY virus retained their integrity up to 120 h

p.i., whereas the cell cultures infected with HPAI VN/1203 virus
exhibited increased cytopathic effect (CPE) at 24 h p.i. and signif-
icant CPE at 48 h p.i., with substantial destruction of the cell
monolayer at 120 h p.i. (Fig. 6C). This may result in diffusion of
the virus into the basolateral side after the destruction of tight
junctions in H5N1 virus-infected cultures.

Cell death during influenza virus infection. Cell death (apop-
tosis and necrosis) resulting from influenza virus infection usually
damages the epithelium. In the previous experiment, we observed
a loss of cellular integrity during VN/1203 virus infection
(Fig. 6C). To examine cell death during influenza virus infection,
FTE cells were infected with virus at an MOI of 1, and the levels of
cytoplasmic histone-associated DNA fragments were quantified at
48 h p.i. in cell lysates (apoptosis) and in culture supernatants

FIG 6 Replication of influenza virus in differentiated primary FTE cells. The experiment was done in triplicate with cells from three individual animals. Cells
were infected apically with virus at an MOI of 0.01. Cell supernatants were collected at the indicated time points from both apical and basolateral sides of the
monolayer, and virus titers were determined by plaque assay. Values represent the mean of three independent wells with the standard deviation indicated. (A)
Replication kinetics of influenza virus (both apical and basolateral sides). (B) Assessment of virus recovered from either apical or basolateral side. (C) Evaluation
of the integrity of the infected monolayer and the presence of ciliated cells. FTE cells were infected with virus at an MOI of 0.01 and fixed at 120 h p.i. Cells were
stained to identify influenza virus NP (yellow) and ciliated cells (tubulin, green) (�100). A white asterisk indicates the damaged area of the monolayer. (D)
Determination of cell death during influenza virus infection in differentiated FTE cells. Cells were infected apically with virus at an MOI of 1, and the cell lysates
and supernatants were analyzed to determine the level of apoptosis and necrosis, respectively. Values (absorbance) represent the mean of three independent
treatments with standard deviation indicated. Significantly higher necrosis induced by VN/1203 virus is noted (*, P 	 0.01).
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(necrosis). Infection with the Brisbane/59, Mexico/4482,
Wisconsin/67, and VN/1203 viruses resulted in comparable levels
of apoptosis, which were 2.5 to 3 times higher than in uninfected
samples, whereas the level of apoptosis after infection with Dk/NY
virus was significantly lower than those of the other viruses (P 	
0.001), and only 
1.5 times higher than in uninfected samples
(Fig. 6D). The levels of cell necrosis were low overall; however, the
level for VN/1203 was significantly higher than for all other viruses
(P 	 0.05) (Fig. 6D), which may be responsible for the monolayer
damage and virus diffusion to the basolateral side observed
(Fig. 6B and C).

Expression of immune mediator genes during influenza vi-
rus infection. High viral load and exacerbated cytokine produc-
tion in the respiratory tract of humans infected with HPAI
H5N1 have been shown to be associated with severe disease
outcomes (4). We compared innate immune responses in FTE
cells elicited by infection with different influenza viruses. The
cells were infected apically with virus at an MOI of 1 in tripli-
cate, with each culture representing an individual animal. Total
RNA was collected at 24 h p.i. to assess gene expression using
real-time PCR. As shown in Fig. 7A, M1 gene expression levels
varied slightly among viruses following infection, with Mexico/
4482 virus having the highest expression, and Dk/NY virus, the
lowest. Interestingly, VN/1203 virus resulted in an M1 gene
level at 24 h p.i. comparable to those of human viruses, even
though its initial infection rate at 8 h p.i. was 10 times lower
than for those viruses. (Fig. 3).

Next, the transcriptional levels of 16 ferret immune mediator
genes—including the genes coding for alpha interferon (IFN-�),
IFN-�, IFN-�, interleukin-2 (IL-2), IL-4, IL-6, IL-8, IL-10, IL-12,
tumor necrosis factor alpha (TNF-�), CXCL9, CXCL10, CXCL11,
IL-1�, IL-1�, and CXCR3—were examined by real-time PCR us-
ing GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as an
internal control. Five genes were highly induced during infection
(Fig. 7B), whereas another five were moderately induced (Fig. 7C).
No induction was detected for IL-2, IL-4, IL-10, IL-12, IL-1�, and
IL-1�. In general, VN/1203 virus induced the highest transcrip-
tional levels of IFN-�, IFN-�, IFN-�, TNF-�, CXCL9, CXCL10,
CXCL11, IL-6, and IL-8, and Dk/NY virus induced the lowest
levels. During VN/1203 virus infection, the gene transcriptional
levels of three CXC chemokines—CXCL9, CXCL10, and
CXCL11—were significantly higher than for all other viruses (P 	
0.05). In vivo, these chemokines serve as chemoattractants for var-
ious types of leukocytes to the affected region. Their receptor,
CXCR3, was also slightly induced during influenza virus infection.
During infection with human viruses, slight variations were ob-
served at the transcriptional level. Mexico/4482 virus induced
higher levels of gene expression of IFN-�, TNF-�, and IL-6 but
lower levels of CXCL9, CXCL10, and CXCL11 than did the other
two human viruses. Taken together, HPAI H5N1 virus infection
induced higher levels of proinflammatory mediators compared to
other viruses, which may be associated with the pathogenesis ob-
served in infected ferrets.

The impact of temperature and different tracheal sections on
the replication of influenza virus. Previous studies have sug-
gested a correlation between the transmissibility of influenza vi-
ruses in ferrets and their ability to replicate efficiently at the lower
temperature (33°C) found in the environment of mammalian up-
per airway (17). We evaluated the replication kinetics of influenza
virus in FTE cells that were cultured at either 33°C or at the stan-

dard 37°C culture condition. Brisbane/59 and VN/1203 were se-
lected to represent human and avian influenza viruses, respec-
tively. As shown in Fig. 8A, Brisbane/59 virus replicated equally
well at both temperatures and reached similar titers at all time
points examined. However, VN/1203 virus did not replicate as
well at 33°C compared to 37°C, with significantly lower titers at
both 24 h and 48 h p.i. (P 	 0.05). Moreover, reduced CPE and less
cellular destruction were observed in cultures at 33°C compared
to FTE cells grown at 37°C (not shown). These results demon-
strate that H5N1 virus does not replicate as well as human influ-
enza viruses at the lower temperatures found in the upper airway
of mammals.

Studies on the distribution of influenza virus receptors in
the respiratory tract have suggested that human viruses repli-
cate well in the upper respiratory tract, whereas avian viruses
mostly target the lower respiratory tract (2, 10). To examine

FIG 7 Evaluation of host immune mediator expression to influenza virus
infection in differentiated primary FTE cells. The experiment was done in
triplicate with cells from three individual animals. Cells were infected apically
with virus at an MOI of 1, and RNA was extracted at 24 h p.i. and examined by
real-time PCR. (A) Expression of M1 viral gene in infected cells. (B and C)
Expression of immune mediator genes during influenza virus infection. Values
represent the mean of three independent treatments with the standard devia-
tion indicated.
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tissue tropism of influenza virus in the ferret trachea, FTE cells
were isolated from either the upper half or the lower half of the
trachea and cultured separately. FTE cells were cultured as pre-
viously described and stained with SNA lectin for �2,6-linked
SA residues or MAA II lectin for �2,3-linked SA residues, fol-
lowed by staining with tubulin to identify ciliated cells. Com-
pared to upper FTE cultures, lower FTE cultures had more
ciliated cells and more �2,3- and �2,6-linked SA receptors (Fig.
8B). Next, we compared the replication of all five influenza
viruses between upper and lower FTE cultures. The cells were
infected at an MOI of 0.01, and virus titers were measured at 24
h p.i. As shown in Fig. 8C, avian viruses (VN/1203 and Dk/NY)
reached significantly higher titers in lower FTE cultures com-
pared to upper FTE cultures. In contrast, there were no signif-

icant differences in human virus titers between the upper and
lower FTE cultures.

DISCUSSION

The pathogenesis and transmission of influenza virus has been
intensively investigated recently in the ferret model (18, 39). How-
ever, the cellular and molecular characteristics of influenza virus-
host interactions occurring in the airway of this species are largely
unknown. Here, we provide data on the cellular tropism and in-
fectivity of influenza virus in ferret tracheal differentiated primary
epithelial cell cultures. In vitro, the primary FTE cells cultured at
the air-liquid interface developed to a pseudostratified structure
consisting of tight junctions and three different types of epithelial
cells: ciliated, secretory, and basal cells. In these cultures, we found

FIG 8 Evaluation of virus replication at different temperature and in FTE cells derived from different portion of trachea. (A) Comparison of virus replication at
37 and 33°C. Asterisks indicate statistically significant differences in virus titer between the two temperatures. (B) Staining of lectins (green) and tubulin (red) on
FTE cells isolated from the upper half and lower half of the trachea (�100). DAPI staining showed monolayers with similar confluences for these cultures (data
not shown). (C) Comparison of virus replication in upper and lower FTE cells. The images shown represent three individual ferrets. The significance is noted
(*, P 	 0.05) in virus titers of avian viruses between upper and lower tracheal cells.
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that 95% of �2,6-linked SA receptors were present on ciliated cells
and that �2,3-linked SA receptors were exclusively present on
nonciliated cells. We demonstrated that human viruses predomi-
nantly infected ciliated cells at a high infection rate, whereas avian
influenza viruses exclusively infected nonciliated cells at a much
lower infection rate. The low-path avian H1N1 virus replicated
less efficiently compared to the human influenza viruses; however,
HPAI H5N1 virus replicated to titers similar to those obtained
with the human influenza virus subtypes. H5N1 virus infection
resulted in substantial necrosis and destruction of the cell mono-
layer, resulting in recovery of virus from the basolateral side. In
vivo, destruction of the cell monolayer would presumably allow
virus spread from the epithelia to underlying tissues. H5N1 virus
infection of FTE cells also induced high levels of proinflammatory
cytokines and chemokines, a finding consistent with exacerbated
innate responses associated with severe H5N1 disease in humans
and the ferret model (4, 37, 40, 41).

Airway epithelial cell-specific tropism of influenza viruses was
observed in differentiated FTE cells. Consistent with our results,
an early study that examined infected ferret tracheal explants us-
ing TEM found that H3N2 virus (A/Victoria/3/75) predominantly
attached to ciliated cells (77 to 87%), with a much smaller propor-
tion attaching to nonciliated cells (1 to 9%) (42). Moreover, after
examining ferret trachea and bronchus tissues using lectin stain-
ing, Xu et al. reported that �2,6-linked SA receptors were predom-
inantly associated with ciliated cells (22). However, there are con-
flicting reports regarding the presence of sialic acid receptors for
influenza viruses on human airway cells. Early work demonstrated
that human influenza viruses bind to ciliated cells displaying �2,6-
linked SA and �2,3-linked SA receptors were found on nonciliated
cuboidal bronchiolar cells (5–7, 10, 11, 13, 42) but rarely on cili-
ated cells. Subsequently, it has been shown that goblet cells also
express �2,6-linked SA receptors (8), and the human-adapted
1918 HA demonstrated substantial binding to goblet cell regions
of human tracheal tissue (21, 43). Conversely, studies using hu-
man tracheal epithelial cell cultures have shown that human in-
fluenza viruses infected both nonciliated cells and ciliated cells
(25, 29) and that avian influenza viruses were predominantly lo-
calized on ciliated cells (9, 25, 26, 29, 30). The reasons for the
discrepancies in cellular tropism of influenza virus between our in
vitro model of ferret tracheal differentiated epithelial cells and
those found in human tracheal epithelial cells are not clear. First,
we cannot exclude the possibility that a species difference in cel-
lular tropism of influenza virus exists between ferrets and humans.
Moderate differences in receptor distribution and viral tropism
have been observed between ferret and human tracheal tissue us-
ing lectin/Jacalin staining and viral attachment analysis (21). Sec-
ond, different human and avian influenza virus strains used in
these studies may possess different binding patterns to SA-con-
taining carbohydrates, which can lead to variance observed in cel-
lular tropism. Third, the primary ferret epithelial cells that we used
were seeded onto transwells immediately after enzymatic cell dis-
sociation without further passaging and manipulation. In human
cell cultures, cells are typically passaged in vitro at least three times,
and the ciliated cells are reinduced under ALI culture conditions.

The finding that human influenza viruses mainly infected cil-
iated cells in our primary FTE cell model, on which �2,6-linked SA
receptors predominate, is consistent with the tissue tropism of
seasonal influenza viruses, which infect mainly the upper respira-
tory tract of humans and ferrets (2, 9, 10). FTE cultures may not be

able to recapture the apparent higher density of ciliated cells pres-
ent in the native ferret trachea (33), which may result in differ-
ences in sialic acid distribution. In comparison to our FTE cells,
Jayaraman et al. (21) demonstrated apparently less MAA-II lectin
staining (for avian influenza virus receptors) on ferret tissues sec-
tions. In the upper respiratory tract, ciliated cells are abundant at
the luminal surface of the trachea, consisting of 30 to 50% of the
total epithelial population in the tracheal (44). Among the human
viruses tested, the 2009 pandemic H1N1 virus, Mexico/4482, rep-
licated to significantly higher titers than seasonal H1N1 and H3N2
viruses in FTE cells, which is consistent with the increased patho-
genicity observed in ferrets (15). Interestingly, the loss of cilia
from ciliated cells was observed during the course of infection
with human influenza viruses but not with the avian influenza
viruses. In spite of the loss of cilia during virus infection, the in-
tegrity of the monolayer was retained. Destruction of cilia has
been observed previously following infection of ferret tracheal or-
gan culture with human influenza viruses that were associated
with excess mortality in epidemiological studies (45). In general,
effective mucociliary clearance requires normal ciliary activity and
mucus production, which represents an essential line of defense
against inhaled agents (46). The mechanisms underlying influ-
enza virus-induced ciliary damage or loss of cilia are not well un-
derstood but may be due, at least in part, to apoptosis, which we
observed in infected cells at 48 h p.i. Additional studies are re-
quired to fully elucidate the relationship between loss of cilia and
virulence during influenza virus infection.

During HPAI H5N1 virus infection, ferrets present disease
progression (16, 47) similar to the clinical course in humans, in-
cluding the progression to severe lower respiratory tract disease
and extrapulmonary complications, including multiorgan failure
in fatal cases (4, 40, 41). H5N1 virus targets the lower respiratory
tract, especially lung tissues, largely due to the predominance of
�2,3-linked SA receptors (2, 14). However, it has been shown that
H5N1 viruses are capable of infecting human upper respiratory
tract tissues, such as nasopharyngeal, adenoid, and tonsillar tis-
sues, as demonstrated in ex vivo cultures (12). In our study, we
found that avian influenza viruses replicated more efficiently in
FTE cells derived from the lower trachea than in cells derived from
the upper trachea, which correlated with increased expression of
�2,3-linked SA receptors in the lower trachea. However, regard-
less of the tissue location, H5N1 virus replicated as efficiently as
human influenza viruses in ferret tracheal cells despite its low
initial infection rate. We found that H5N1 virus predominantly
infected nonciliated cells and resulted in significantly more necro-
sis and substantial damage to the epithelial layer, which may con-
tribute to the loss of cell integrity and diffusion of virus to the
basolateral surface of tracheal epithelium. In vivo, recovery of
virus from the epithelial basolateral side would contribute to in-
fection of other cell types, including endothelial cells which pos-
sess �2,3-linked SA receptors (48), and virus spread to tissues
outside of respiratory tract, potentially contributing to disease
progression in mammals.

Innate immunity to influenza virus is the front line of host
defense. However, in patients infected by H5N1 virus, the intense
inflammatory response to infection may contribute to disease
pathogenesis, further complicating recovery (4, 40, 41). Com-
pared to human influenza virus infection, significantly higher lev-
els of IP-10, MCP-1, MIG, IL-6, IL-8, IL-10, and IFN-� have been
detected in humans infected with H5N1 virus, especially in fatal
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cases (4). In ferrets, selected cytokine responses to influenza virus
have been studied on a limited basis using gene expression analysis
of respiratory tract tissues (37, 49, 50). Similar to results observed
in humans, elevated levels of proinflammatory cytokine and
chemokine mRNAs have been observed in ferret lungs infected
with H5N1 viruses. In our FTE system, with the exception of avian
H1N1 virus, all subtypes of influenza virus tested induced high
levels of IFN-�, CXCL9 (MIG), CXCL10 (IP-10), TNF, and IL-6,
but HPAI H5N1 virus elicited the highest levels of cytokines de-
spite a lower infection rate compared to human influenza viruses.

One human host factor that may limit zoonotic transmission
of avian influenza viruses is the temperature restriction of these
viruses. Previously, we found an association between influenza
viruses that are highly transmissible in ferrets and their ability to
replicate efficiently at 33°C (17). In the human airway, surface
temperatures range from 32 � 0.05°C in the upper trachea to
35.5 � 0.3°C in the subsegmental bronchi during quiet breath
(51). In contrast, avian influenza viruses replicate at 40 to 41°C in
the avian enteric tract and replicate less efficiently at cooler tem-
peratures, limiting their ability to infect the upper respiratory tract
of mammalian species. This inefficient viral replication at 33°C in
mammalian cells has been linked to the viral polymerase subunit,
PB2, especially amino position 627 (52). In addition to the PB2
gene, avian-like surface glycoproteins (HA or NA) may also con-
tribute to the temperature restriction of avian viruses (28). In
differentiated FTE cells, we found that human viruses infect and
replicate efficiently at both 37 and 33°C, whereas VN/1203 virus,
which possesses a lysine at position 627, replicated less efficiently
at 33°C. The H5N1 virus was unique in its inability to replicate
well at the lower temperature (33°C) compared to its ability to
replicate at the higher temperature (37°C). This may partially ex-
plain the paucity of H5N1 virus transmission observed in ferrets
and humans (53, 54).

Differentiated primary FTE cell cultures represent features of
the ferret trachea epithelium and provide a valuable in vitro model
to study influenza virus tropism and host interaction during in-
fection. This model reflects the pathogenesis phenotype and virus
replication observed in the animal model and contributes to the
understanding of the disease progression at the airway cellular
level. The FTE system highlights several features of HPAI H5N1
viruses that may contribute to their virulence in vivo, including a
relatively higher virus load at lower airway temperatures, a height-
ened inflammatory mediator response, notable cell death, and re-
covery of virus at the basolateral cell surface. Future studies on the
interaction between influenza virus-induced inflammation, cell
tropism and the ferret tracheal epithelium, especially in ex vivo
and in vivo models, is warranted.
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